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ell-cycle transition at G2–M is controlled by MPF (M-phase-promoting factor), a complex consisting of the Cdc2 kinase
nd a B-type cyclin. We have shown that in mice, targeted disruption of an A-type cyclin gene, cyclin A1, results in a block
f spermatogenesis prior to the entry into metaphase I. The meiotic arrest is accompanied by a defect in Cdc2 kinase
ctivation at the G2–-M transition, raising the possibility that a cyclin A1-dependent process dictates the activation of MPF.
ere we show that like Cdc2, the expression of B-type cyclins is retained in cyclin A1-deficient spermatocytes, while their
ssociated kinases are kept at inactive states. Treatment of arrested germ cells with the protein phosphatase type-1 and -2A
nhibitor okadaic acid restores the MPF activity and induces entry into M phase and the formation of normally condensed
hromosome bivalents, concomitant with hyperphosphorylation of Cdc25 proteins. Conversely, inhibition of tyrosine
hosphatases, including Cdc25s, by vanadate suppresses the okadaic acid-induced metaphase induction. The highest levels
f Cdc25A and Cdc25C expression and their subcellular localization during meiotic prophase coincide with that of cyclin
1, and when overexpressed in HeLa cells, cyclin A1 coimmunoprecipitates with Cdc25A. Furthermore, the protein kinase
omplexes consisting of cyclin A1 and either Cdc2 or Cdk2 phosphorylate both Cdc25A and Cdc25C in vitro. These results
uggest that in normal meiotic male germ cells, cyclin A1 participates in the regulation of other protein kinases or
hosphatases critical for the G2–M transition. In particular, it may be directly involved in the initial amplification of MPF
hrough the activating phosphorylation on Cdc25 phosphatases. © 2000 Academic Press
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In vertebrates, the onset of M phase in both meiosis and
mitosis is controlled by the intrinsic kinase activity of the
p34cdc2/cyclin B complex, termed “M-phase-promoting fac-
tor” or MPF, also known as “maturation-promoting factor”
(Choi et al., 1991; Dunphy et al., 1988; Gautier et al., 1988).
Activation of MPF at the end of G2 is controlled by
accumulation and binding of cyclin B to Cdc2, as well as by
reversible phosphorylation at three sites on Cdc2. Phos-
1 To whom correspondence should be addressed at the Depart-
ent of Genetics & Development, Columbia University College of
hysicians & Surgeons, 630 W 168th Street, New York, NY 10032.
ax: (212) 305-6084. E-mail: djw3@columbia.edu.
388phorylation at Thr-161 on Cdc2 by Cdk-activation kinase
(CAK), composed of Cdk7/cyclin H, is a prerequisite for its
kinase activity (Fisher and Morgan, 1994; Makela et al.,
1994). However, the MPF complex is not immediately
active but is suppressed by phosphorylation on both Thr-14
and Tyr-15 through the action of Wee1 and Myt1 kinases
(McGowan and Russell, 1995; Mueller et al., 1995). Thus an
inactive “prokinase” form of Cdc2/cyclin B complexes
accumulates during G2. At the onset of M phase, the
Cdc25C phosphatase counteracts Wee1 and Myt1 and acti-
vates MPF by dephosphorylating Cdc2 on Thr-14 and
Tyr-15 (Gautier et al., 1991; Strausfeld et al., 1991).
In common with cyclins and Cdks, multiple Cdc25 genes
have been reported in mammals and designated Cdc25A, B,
and C (Galaktionov and Beach, 1991; Nagata et al., 1991;
0012-1606/00 $35.00
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sed, Cdc25A can be shown to be required for either the
1–S transition (Jinno et al., 1994) or progression through
M phase (Galaktionov and Beach, 1991). Like Cdc25C,
Cdc25B was also recently shown to function at mitotic
G2–M (Lammer et al., 1998). Although Cdc25C is present
in constant amounts throughout the mitotic cell cycle, its
activity is regulated by serine–threonine phosphorylation
that stimulates its phosphatase activity. One of the kinases
responsible for this phosphorylation is the Cdc2/cyclin B
complex (Hoffmann et al., 1993; Strausfeld et al., 1994).
Thus a synergistic feedback loop is formed to ensure maxi-
mum activation of MPF once a threshold activity is
achieved. A similar positive feedback loop has also been
suggested to exist between the activity of Cdc25A and
Cdk2/cyclin E (Hoffmann et al., 1994). Conversely, the
active Cdc2 directly or indirectly leads to phosphorylation
of the Wee1 kinase and thereby down-regulates its activity,
forming a negative feedback loop (McGowan and Russell,
1995; Watanabe et al., 1995). Furthermore, a type-2A pro-
tein phosphatase antagonizes Cdc2/cyclin B activation pri-
marily by maintaining Cdc25C in a dephosphorylated,
inactive state (Clarke et al., 1993).
Although it has been recognized that the regulation of
MPF activity by coordinated function of protein kinases and
phosphatases governs the timing of G2–M transition, the
initial trigger of the MPF activity autoamplification loop
remains obscure. The requirement of an upstream event
resulting in the initial activation of the feedback mecha-
nism may provide a way to couple M-phase entry to major
checkpoint controls, including those monitoring the
completion of DNA replication or repair. Mechanistically,
this could occur through the activity of a distinct “starter
kinase” or “starter phosphatase” which acts upon either
end of the feedback loop and stimulates activity of Cdc25C
or Cdc2, respectively. For such roles, several candidates can
been proposed. First, Plx1, a member of the polo family
kinases (Plks) in Xenopus, was shown to be essential for the
activation of Cdc25C (Kumagai and Dunphy, 1996). In
addition, the expression pattern of the Plx1 mammalian
homologue, Plk1, closely follows that of Cdc2/cyclin B, and
injection of antibody against Plk1 in human cells impaired
the mitotic progression (Golsteyn et al., 1995; Lane and
Nigg, 1996). However, Cdc2 was activated even in the
absence of Plk1 function, and it is yet to be determined
whether Plk1 can activate Cdc25C at mitotic G2–M. Alter-
natively, initial dephosphorylation and activation of Cdc2
could occur through another phosphatase. Recent studies
suggest that Cdc25B is a candidate to perform the role of
starter phosphatase at the entrance of mitosis (Lammer et
al., 1998; Nishijima et al., 1997). Finally, the Cdk kinase
activity associated with A-type cyclins, already active at
the G2–M border before Cdc2/cyclin B (Minshull et al.,
1990; Pagano et al., 1992), might undertake the role as an
initial switch turning on the MPF activation. Human cyclin
A2 (previously known as cyclin A) potentiates MPF activa-
tion in Xenopus early embryos when added to extracts t
Copyright © 2000 by Academic Press. All rightcontaining inactive Cdc2/cyclin B prokinase (Devault et al.,
1991, 1992). In oocytes, embryos, and somatic cells in
different organisms, cyclin A has been found to promote
entry into M phase (Lehner and O’Farrell, 1989, 1990;
Murray et al., 1989; Pagano et al., 1992; Swenson et al.,
1986).
We have identified a novel A-type cyclin in mouse, cyclin
A1. The expression of murine cyclin A1 is limited to male
germ cells during late meiotic prophase (Ravnik and Wolge-
muth, 1999; Sweeney et al., 1996), suggesting that it may
regulate meiotic cell cycle at G2–M transition. During
mouse spermatogenesis, cyclin B1 and B2, the two known
members of the B-type cyclin family, and Cdc2, as well as
the MPF kinase activity, are present during meiotic
prophase (Chapman and Wolgemuth, 1993, 1994). In addi-
tion, both Cdc25A and Cdc25C transcripts have been
localized in spermatocytes about to enter the first meiotic
division (Wickramasinghe et al., 1995; Wu and Wolgemuth,
1995). These findings implicate a universally conserved role
for the MPF cell cycle engine and the regulation of its
activity at meiotic G2–M transition.
The critical function of cyclin A1 for the progression of
meiosis of male germ cells has been demonstrated recently
by gene-targeting (Liu et al., 1998). In contrast to cyclin A2
(Murphy et al., 1997), cyclin A1 was not required for
embryonic development and postnatal growth. However,
spermatogenesis in cyclin A1-null male mice was arrested
and mutant spermatocytes exhibited a defect in the activa-
tion of Cdc2 kinase at the G2–M boundary, which could not
be attributed simply to the loss of cyclin A1 as a subunit in
the kinase complexes. Thus, upon entry into M phase,
cyclin A1 appears to function in a pathway that stimulates
Cdc2 kinase activity in association with other cyclins, such
as the two B-type cyclins.
In the present study, we investigated the specific role of
cyclin A1 in regulating the protein kinase and phosphatase
network essential for the onset of meiotic M phase. We
found that inhibition of protein phosphatases by okadaic
acid in cultured male germ cells reversed the meiotic arrest
and allowed the cyclin A1 null mutant spermatocytes to
enter metaphase I with cytologically normal chromosome
configurations. Our data also indicated a possible direct
functional interaction between cyclin A1 and Cdc25s, sug-
gesting that at least one of the functions of cyclin A1 at
G2–M transition may be to start the MPF self-
amplification.
MATERIALS AND METHODS
Animals and Tissues
A mouse line carrying a targeted disruption of the cyclin A1 gene
(Liu et al., 1998) was maintained in a C57BL/6J 3 129/SV mixed
background by mating heterozygous (Ccna11/2) male to homozy-
ous (Ccna12/2) mutant females. Genotyping of the offspring was
arried out by PCR analysis of genomic DNA. For detection of the
argeted allele, a 440-bp product was amplified using an HPRT
s of reproduction in any form reserved.
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390 Liu, Liao, and Wolgemuthsense primer, 59-CCTTTGGGCGGATTGTTGTTT-39, and an
exon-2 antisense primer, 59-GGTCCTCCTGTACTGCTCAT-39.
For detection of the wild-type allele, the HPRT primer was replaced
by an exon-1 sense primer, 59CGGTGCGCTTGCTAATC-39, to
generate an ;680-bp product. The cycling conditions were 1 min at
4°C, 2 min at 55°C, and 3 min 72°C for 35 cycles, in the presence
f 2.5 mM MgCl2, 200 mM each dNTP, 1 mM each primer pair, and
1.25 unit AmpliTaq Gold (Perkin–Elmer). Dissected tissues for
protein extraction were used immediately or frozen at 280°C up to
1 month. Tissues for immunohistochemistry studies were fixed in
4% paraformaldehyde in 13 PBS overnight at 4°C.
Antibodies
Antisera specific for cyclin A1 were raised in a rabbit immunized
with a GST fusion protein containing amino acids 3–204 of the
murine cyclin A1. The antisera were affinity purified by incubation
with strips of nitrocellulose membrane blotted with the antigen
fusion protein. Mouse monoclonal anti-cyclin B1 and rabbit poly-
clonal anti-cyclin B2 were kind gifts from Dr. M. Brandeis (Brandeis
et al., 1998). An anti-Cdc25A monoclonal antibody used for immu-
nohistochemical localization (sc-7389) and rabbit polyclonal anti-
Cdk2 (sc-163) were purchased from Santa Cruz Biotechnology, Inc.
A second polyclonal anti-Cdc25A antibody used for immunoblot-
ting (06-571) and an anti-Cdc2 polyclonal antibody (06-194) were
purchased from Upstate Biotechnology, Inc. Affinity-purified rab-
bit anti-Cdc25C was used as described (Wu and Wolgemuth, 1995).
PhosphoPlus Cdc2 antibody (NEB) was used to detect Cdc2 phos-
phorylated at Tyr-15.
Immunoprecipitation and Immunoblotting
Cells or tissues were homogenized in ice-cold lysis buffer (150
mM NaCl, 50 mM Tris, pH 8, 1% NP-40, 2 mM EDTA, 10 mM
NaF, 1mM NaVO4, 1 mM DTT) containing freshly added protease
nhibitors including 10 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mM
henylmethylsulfonyl fluoride, and 5 mg/ml pepstatin. The ex-
tracts were preabsorbed with protein A–Sepharose beads for 30 min
at 4°C and immunoprecipitations were then performed by adding
1–2 mg of appropriate antibodies and rocking for 2 h, followed by 1 h
incubation with 15 ml bed volume protein A– or G–Sepharose
beads. The immune complexes were then washed extensively with
lysis buffer and eluted by sample buffer for SDS–PAGE. For antigen
immunodepletion, testis extracts were incubated twice for 1 h at
4°C with protein A–Sepharose beads precoated with either cyclin
A1 antibody or preimmune serum followed by brief centrifugation
to recover the depleted extracts. Immunoblot analysis was carried
out with protein samples transferred to nitrocellulose membranes
according to standard protocols, using horseradish peroxidase-
conjugated secondary antibodies (Boehringer Mannheim) and ECL
enhanced chemiluminescence detection system (Amersham), ac-
cording to the manufacturer’s specifications.
Immunohistochemistry
Immunohistochemical localization was carried out on 6-mm
sections of paraffin-embedded tissue samples. After deparaffiniza-
tion, antigen retrieval was performed by boiling the slides in 0.01 M
citrate buffer, pH 6.0, in a microwave (Shi et al., 1991) for 10 min
and washing extensively with dH2O. The slides were treated with
.03% H O in methanol for 20 min, washed with PBST (13 PBS,2 2
0.1% Triton X-100), and blocked for 1 h with 2.5% goat serum in
Copyright © 2000 by Academic Press. All rightPBST. The slides were incubated with the primary antibodies in a
humidified chamber overnight at 4°C. Anti-cyclin B1 monoclonal
antibody was diluted 1:3000, anti-cyclin B2 polyclonal antibody
was diluted 1:1000, and anti-Cdc25A monoclonal antibody was
used at a final concentration of 2 mg/ml in the blocking solution.
he slides were then washed three times with PBST and stained
ith Vectastain ABC kit (Vector Laboratories, Burlingame, CA).
AB-stained slides were counterstained with hematoxylin.
Culture of Testicular Cells and Okadaic Acid (OA)
Treatment
Short-term culture of testicular cells was carried out using
modifications of the previously reported procedures (Wiltshire et
al., 1995). Freshly dissected testes of 2- to 3-month-old cyclin
A1-deficient male mice were decapsulated and placed into DMEM
culture medium containing 1 mg/ml collagenase. The cells were
dissociated by repeated pipetting for 5 min and passed through an
85-mm nylon mesh. Approximately 4 3 106 testicular cells were
washed twice with DMEM and cultured overnight in 2 ml DMEM
containing 5% fetal calf serum (FCS) in each well of a six-well plate
at 32°C. The following morning, cells were treated with okadaic
acid (ICN, Costa Mesa, CA) at a final concentration of 2.5 mM.
lternatively, cells were treated with 2 mM sodium orthovanadate
or 2 h before addition of okadaic acid. Cells were harvested 5 h
fter the addition of OA and a small aliquot of cells (;5%) was used
or assessing chromosome condensation and the rest of the cells
ere solubilized in the lysis buffer for immunoblot and kinase
ssays.
Cytogenetic Analysis
Slides for cytogenetic analysis were prepared by modifying the
procedures previously described (Meredith, 1969). To disperse the
cell pellets 0.5 ml of 0.5% KCl solution was used. Thirty minutes
later, the hypotonically treated cells were fixed with 3 drops of the
fixative (1 part acetic acid and 3 parts methanol), pelleted at 800g,
suspended with 0.5 ml fixative, then left for 1 h at room tempera-
ture, pelleted, and resuspended again with 50 ml fixative. Two drops
of the cell suspension was placed on a glass slide and stained with
Giemsa in a phosphate buffer, pH 7.0. Meiotic substages during the
progression from pachytene through metaphase I were determined
by light microscopy with 1003 objective using classical cytoge-
netic criteria.
Mammalian Cell Culture and Transfection
HeLa cells were cultured in DMEM supplemented with 10%
FCS at 37°C in a humidified atmosphere of 5% CO2. A construct
containing the ORF of murine cyclin A1 tagged with two HA
epitopes (YDVPDYA) at the C-terminal end was created by engi-
neering a NcoI site before the stop codon of the cyclin A1 sequence
by PCR and subcloning the cDNA fragment into pBSKSHA carry-
ing two copies of HA epitopes downstream of the NcoI site. A
cyclin A1 expression construct was then generated by subcloning
the HA-tagged cDNA at the C-terminus downstream of the CMV
promoter in the retroviral vector pLNCX. The expression con-
structs and vector control were transfected into HeLa cells by the
calcium phosphate precipitation method as described (Pear et al.,
1998). The ectopic cyclin A1 expression was verified by immuno-
blotting the transfected cell extract with anti-HA antibody 12CA5
(generously provided by Dr. J. Kitajewski, Columbia University).
s of reproduction in any form reserved.
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391Cyclin A1 and MPF Activation at Meiotic G2–M TransitionImmune-Complex Kinase Assay
Recombinant His-tagged Cdc25A and C were produced in Esch-
erichia coli BL21(DE3) using the PET system (Novagen) and puri-
ed by Ni21-chelated agarose column chromatography. MPF im-
mune complexes were precipitated from 50 mg of cellular lysate
rotein using Cdc2, cyclin B1, or B2 antibodies. Cyclin A1-
ssociated kinase was immunoprecipitated with affinity-purified
abbit anti-cyclin A1. The beads were washed three times with the
ysis buffer and once with EB kinase buffer (50 mM Hepes, pH 7.5,
0 mM MgCl2, 80 mM b-glycerophosphate, 20 mM EGTA, 1 mM
TT). The kinase reactions were performed by incubating the
mmunoprecipitates in 20 ml kinase buffer supplemented with 10
mM ATP, 5 mM cAMP-dependent protein kinase inhibitor, 50
mg/ml calf thymus histone H1 (Boehringer), or, in the assay for
Cdc25 kinase activity, recombinant Cdc25A or Cdc25C, and 4 mCi
f [g-32P]ATP, for 20 min at 30°C. The reactions were stopped by
dding 20 ml of 23 SDS sample buffer and boiling for 5 min. The
eluted proteins were separated by SDS–PAGE and gels were dried
and exposed to autoradiography. Quantification of the bands was
obtained by densitometry analysis of the autoradiograms or by
scintillation counting of excised gel pieces.
RESULTS
Expression of B-Type Cyclins Persists in Cyclin
A1-Deficient Spermatocytes, but the Majority of
Their Associated Kinases Remain as Inactive
Forms
Previous studies indicated that both cyclins B1 and B2
were present during meiotic prophase in normal seminifer-
ous epithelia (Brandeis et al., 1998), presumably contribut-
ing to two different forms of MPF. However, we found that
the highest levels of cyclin B1 protein were localized in
pachytene/diplotene spermatocytes within stage X–XI
seminiferous tubules and cells in the midst of metaphase I,
instead of the reported zygotene spermatocytes (Figs. 1A
and 1C). Cyclin B2 expression was initiated in mid-
pachytene spermatocytes within stage V–VI tubules and
rapidly accumulated to maximum levels before the accu-
mulation of cyclin B1 at late pachytene in stage IX–X
tubules (Figs. 1B and 1D). At closer inspection, a fraction of
the spermatocytes in stage XI–XII tubules revealed promi-
nent cyclin B1 nuclear staining (arrows in Fig. 1C), although
it was exclusively cytoplasmic throughout earlier stages,
reminiscent of its nuclear translocation at the G2–M junc-
tion during mitosis (Pines and Hunter, 1991).
In testes from cyclin A1-deficient mice, the stages of
spermatogenic cells containing peak cyclin B1 expression
were disrupted, but a lower level of expression was retained
in many of the remaining spermatocytes (Fig. 1E). On the
other hand, high levels of cyclin B2 protein accumulated in
late prophase spermatocytes situated closest to the lumen
(Fig. 1F). The distinct patterns of expression shown by
cyclin B1 and B2 in Ccna12/2 testes most likely reflect the
differences between their normal windows of expression
during meiotic prophase relative to the timing of the cell
cycle arrest of Ccna2/2 germ cells. The apparently elevated
Copyright © 2000 by Academic Press. All rightyclin B2 level in the mutant spermatocytes may be the
esult of its increased stability as these cells fail to initiate
he cyclin B turnover program that normally occurs follow-
ng the entry into meiotic M phase.
The histone H1 kinase activity associated with cyclin B1
nd B2 was considerably reduced in testes from Ccna12/2
males and was comparable to a basal, prokinase state,
despite the persistent expression of the two cyclins (Fig. 2)
and Cdc2 protein (Liu et al., 1998). These observations
suggest that in the absence of cyclin A1, the activation of
kinase complexes consisting of Cdc2 and B-type cyclins
failed to initiate at the G2–M transition.
Treatment of Cyclin A1-Deficient Spermatocytes
with Okadaic Acid Releases the Meiotic Arrest
and Restores MPF Activation in a Process Largely
Dependent on Tyrosine Dephosphorylation
We investigated the effect of okadaic acid, a type-1 and
type-2A protein phosphatase inhibitor that promotes pre-
mature G2–M transition in mammalian somatic cells (Ya-
mashita et al., 1990), oocytes (Gavin et al., 1991; Schwartz
nd Schultz, 1991), and normal spermatocytes (Wiltshire et
al., 1995), on the progression of meiosis in cultured sper-
matocytes isolated from Ccna12/2 mice. As shown in Fig. 3,
ithout the treatment, nuclear spreads from the mutant
esticular cells mostly revealed little or only punctate
hromatin condensation and no meiotic metaphase con-
gurations, a clear sign of the meiotic prophase arrest (Fig.
A). After exposure to 2.5 mM okadaic acid for 5 h, however,
a majority of the spermatocytes had passed through the
pachytene stage and were proceeding toward or had entered
metaphase I, exhibiting fully condensed chromosomes (Fig.
3B). Interestingly, the condensed metaphase I chromosomes
were present as bivalents with prominent chiasmata (ar-
rows in Fig. 3B) and exhibited no apparent differences from
those obtained from normal pachytene cells treated with
okadaic acid (Rhee and Wolgemuth, 1997; Wiltshire et al.,
1995). This suggests that cyclin A1 is not directly involved
in mediating the meiotic recombination and resolution of
crossover intermediates, since it is less likely that these
activities could be rescued rapidly through an alternative
route elicited by okadaic acid.
Considering the role of mammalian Cdc25 Thr/Tyr dual-
specific phosphatases during mitotic cycle progression, we
next examined M-phase induction in cyclin A1-deficient
spermatocytes by okadaic acid in the presence of tyrosine
phosphatase inhibitor. Cells were incubated with 2 mM
sodium orthovanadate, sufficient to inhibit Cdc25 in Xenopus
egg extract (Clarke et al., 1992), for 2 h before okadaic acid
treatment. Five hours after the addition of okadaic acid, cells
with prior vanadate incubation exhibited considerably less
chromosome condensation than the control cells treated with
okadaic acid alone, and no metaphase I chromosomes were
observed (Fig. 3C). This inhibition was not complete though,
s of reproduction in any form reserved.
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(Fig. 3C) to diplotene stage (data not shown).
As expected, the okadaic acid-induced chromosome con-
densation and M-phase entry were accompanied by an in-
crease in the histone H1 kinase activity of cyclin B1, cyclin
B2, and Cdc2 immunoprecipitates, while the presence of
FIG. 1. Cyclin B1 and B2 expression in adult testes from Ccna11
araffin-embedded adult testes from wild-type (Ccna11/1) (A–D) an
E) or anti-B2 antibodies (B, D, F). (C, D) Photographed at high mag
some of the stage XI–XII spermatocytes (arrow) can be more clear
tubule (Russell et al., 1990).vanadate caused a significant diminution of Cdc2 activation
Copyright © 2000 by Academic Press. All rightFig. 3D). In addition, the Cdc2 proteins in Ccna12/2 spermato-
ytes are highly tyrosine phosphorylated (presumably at the
nhibitory Tyr-15), while OA treatment dramatically reduced
his phosphorylation (Fig. 3E). Therefore, the okadaic acid-
nduced rescue of the meiotic arrest and restoration of Cdc2
inase activity in Ccna12/2 spermatocytes involve the activity
d Ccna12/2 mice. Histological-sections of paraformaldehyde-fixed,
a12/2 males (E, F) were immunostained with anti-cyclin B1 (A, C,
tion, so that nuclear-localized cyclin B1 staining (brown color) in
sualized. Roman numerals indicate the stage of the seminiferous/1 an
d Ccn
nifica
ly viof protein tyrosine phosphatases.
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Copyright © 2000 by Academic Press. All rightCyclin A1 and Cdc25A Show Similar Cell-Type-
Specific and Subcellular Localizations during
Meiotic Prophase, and the Two Proteins Interact
in Cultured Cells Overexpressing Cyclin A1
To explore the role of cyclin A1 in the initiation of MPF
activation and G2–M transition in male germ cells, we
examined its potential functional interaction with the
Cdc25 protein phosphatases. Previous work has shown that
in mouse, Cdc25C mRNA and protein first appear at
midpachytene, increase in level at late pachytene, and
persist in round spermatids (Cobb et al., 1999; Wu and
Wolgemuth, 1995). In addition, the mRNA of another
Cdc25 gene, Cdc25A, was reported to be highly expressed in
late-pachytene spermatocytes and round spermatids (Wick-
ramasinghe et al., 1995; D.L. and D.J.W., unpublished
bservations). We determined the precise stages and intra-
ellular localization of Cdc25A protein expression in semi-
iferous tubules by immunohistochemistry using a mono-
lonal antibody specific for Cdc25A. As shown in Fig. 4A,
he strongest staining was obtained in the nuclei of
achytene and diplotene spermatocytes within stage IX–XII
ubules, while a lower level was present in the cytoplasm of
daic acid treatment. (A, B, C) Air-dried nuclear spreads of cultured
males were cultured overnight and left without treatment (A) or
odium orthovanadate (VO4) for 2 h prior to okadaic treatment (C).
d cells (A), while a majority of nuclei from okadaic acid-treated
visible chiasmata (B, arrows). Pretreatment with VO4 inhibits the
gh occasional nuclei exhibited limited chromosome condensation
nditions were also assayed for cyclin B1 (lanes 1 and 2), cyclin B2
ivities (D). The activation of Cdc2 kinase in Ccna1 homozygous
Tyr-15 hyperphosphorylation (lanes 1 and 2), as detected by
s (E, top). The level of Tyr-15-phosphorylated Cdc2 was relatively
s (1/2) in the blot shown (lanes 3 and 4). The same blot was alsoFIG. 2. Reduction of cyclin B-associated kinase activity in
cna12/2 testes. (A) Cyclin B1 and B2 proteins were detected by
mmunoblotting (IB) of testicular lysates containing 100 mg of
rotein lysates from Ccna11/1 and Ccna12/2 testes, revealing the
presence of significant amounts of both cyclins in the mutant
testis. (B) The cyclin B1 (lanes 1 and 2) and cyclin B2 (lanes 3 and 4)
kinase complexes were immunoprecipitated from 50 mg of testicu-
lar protein lysates and assayed for in vitro histone H1 kinaseFIG. 3. Release of the meiotic arrest in Ccna12/2 spermatocytes by oka
spermatocytes lacking cyclin A1. Testicular cells from adult Ccna12/2
treated with 2.5 mM okadaic acid for 5 h (B) or incubated with 2 mM s
o fully condensed meiotic chromosomes were detectable in untreate
permatocytes showed bivalent metaphase I configurations with clearly
okadaic acid-dependent formation of metaphase I configuration, althou
up to the late-pachytene stage (C). Cells exposed to different culture co
(lanes 3 and 4), and Cdc2 (lanes 5–7) associated histone H1 kinase act
utant spermatocytes (2/2) was accompanied by a reduction in
yrosine-phosphorylated-Cdc2-specific antibody in immunoblot analysi
ow or undetectable in spermatocytes isolated from heterozygous males of reproduction in any form reserved.
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394 Liu, Liao, and Wolgemuththese cells. Such a distribution pattern is quite similar to
that of cyclin A1.
The substantial colocalization of cyclin A1 and Cdc25
proteins during meiotic prophase of male germ cells
FIG. 4. Localization of Cdc25A in seminiferous tubules and its
interaction with cyclin A1 overexpressed in cultured cells. Sections
of normal adult testis were immunostained with a Cdc25A mono-
clonal antibody (A), showing Cdc25A protein mainly expressed in
pachytene/diplotene spermatocytes (p/d). Staining was also present
in preleptotene spermatocytes (pl). (B) Cyclin A1 was immunopre-
cipitated from HeLa cells transfected with a DNA construct that
constitutively expresses cyclin A1 from the CMV promoter. The
coprecipitated proteins were immunoblotted with polyclonal anti-
Cdc25A antibody. Immunoprecipitation using preimmune serum
(lane 1), as well as anti-cyclin A1 immunoprecipitation performed
with lysates from vector-transfected cells (lane 3), was used as
control for specificity. The immunoglobulin heavy chain (Ig G) was
detected by the secondary antibody in the immunoblot.prompted us to test whether they physically interact. A
Copyright © 2000 by Academic Press. All righttable complex between cyclin A1 and Cdc25A or Cdc25C,
owever, could not be detected in normal testicular ex-
racts using immunoprecipitation followed by immunoblot
nalysis. This could be due to the transient nature of such
ssociation, as it may be present in only a fraction of the
ells within the tissue sample studied, so that a small
mount of such complexes formed is beyond the sensitivity
f the detection method. In order to ask whether cyclin A1
s able to interact with Cdc25A, we overproduced cyclin A1
n cultured HeLa cells transfected with a construct contain-
ng the cyclin A1 open reading frame under the control of
he CMV promoter. The ectopically expressed cyclin A1 in
he transfected cell lysates was immunoprecipitated by
yclin A1 antibody, and a specific band corresponding to
dc25A was detected in the immunoblot of the coprecipi-
ated proteins (Fig. 4B). Therefore, its is plausible to postu-
ate that a functional interaction between cyclin A1 and
dc25A occurs in late-pachytene and diplotene spermato-
ytes that highly express both proteins.
Cyclin A1-Associated Cdk Kinases Phosphorylate
Cdc25 Proteins in Vitro, and Cdc25A Undergoes
Hyperphosphorylation in Okadaic Acid-Treated
Cells
Evidence of the physical interaction between cyclin A1
and Cdc25A led us to test the possibility that cyclin
A1-associated Cdk kinase(s) can modify Cdc25s by phos-
phorylation, as does Cdc2/cyclin B. To this end, we first
extended the earlier finding showing both Cdc2 and Cdk2
as components of the cyclin A1-dependent kinase com-
plexes (Sweeney et al., 1996). In germ cell extract prepared
from normal testes, the amount of cyclin A1 protein and its
associated histone H1 kinase activity was reduced by less
than 30% of the total after immunodepletion of Cdc2,
while the majority of the kinase activity was depleted by
Cdk antibody (Fig. 5). A similar result concerning the Cdk
partners of human cyclin A2 at G2 phase of mitosis has
been reported (Pagano et al., 1992).
Next, kinase assays of cyclin A1 immune complexes
isolated from normal testis extract were carried out using
recombinant Cdc25A and Cdc25C as substrates. Cyclin
A1-associated kinases were equally as active in phosphory-
lating the Cdc25 proteins as was Cdc2 kinase, which was
mainly in complex with cyclin B1 and B2 (Fig. 6A). In
addition, in the immunoblot of protein lysates from okadaic
acid-treated cyclin A1-deficient testicular cells, Cdc25A
displayed the retarded electrophoretic mobilities character-
istic of the hyperphosphorylated form as observed previ-
ously (Hoffmann et al., 1994). Similar observations were
also made for Cdc25C (Fig. 6B). Taken together, these
results suggest that in normal spermatocytes, phosphoryla-
tion and subsequent activation of Cdc25 phosphatases by
cyclin A1-dependent kinases, either Cdc2 or Cdk2, may be
a critical step in initiating the meiotic G2–M transition.
Inhibition of PP-2A by okadaic acid may bypass this re-
s of reproduction in any form reserved.
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395Cyclin A1 and MPF Activation at Meiotic G2–M Transitionquirement through shifting the balance of Cdc25 phosphor-
ylation states toward the hyperphosphorylated state.
DISCUSSION
The results reported here indicate an essential role for
cyclin A1 in initiating the activation of cyclin B-associated
kinases at the meiotic G2–M transition of male germ cells.
We have shown that although components of cyclin B/Cdc2
kinase complexes accumulated in cyclin A1-deficient sper-
matocytes, these kinases were kept in states of low activity.
Furthermore, cyclin A1-associated kinases were shown to
be capable of interacting with and phosphorylating Cdc25
FIG. 5. Evaluation of the active Cdk components of the cyclin A1
kinase complexes. (A) Extracts from normal testes immunodepleted
with anti-Cdc2 antibody, anti-Cdk2 antibody, or control serum (Ct.)
were immunoblotted to test the presence of the specific proteins. (B)
The depleted extracts were assayed for the remaining cyclin A1-
associated histone H1 kinase activity (top) or immunoblotted for
cyclin A1 protein (bottom). Lane 1, depletion using control nonim-
mune serum; lane 2, depletion with anti-Cdc2; lane 3, depletion with
anti-Cdk2. (C) Quantification of the kinase activity in (B) by scanning
densitometry and scintillation counting. The graph represents the
mean values of three independent experiments.proteins, suggesting that such phosphorylation may be a
Copyright © 2000 by Academic Press. All rightequired to trigger the positive feedback loops responsible
or MPF amplification. This notion is supported by the
nding that cyclin A1-deficient germ cells treated with
kadaic acid were able to overcome the meiotic arrest,
ntering M phase and exhibiting high MPF activity. This
esponse to okadaic acid was apparently dependent on the
yrosine phosphatase function and correlated with hyper-
hosphorylation on Cdc25 proteins.
Differential Functions of Cyclins during Meiotic
Cell Cycle Transitions
In mitosis of somatic cells, cyclin A2 has been shown to
be required for S-phase entry (Cardoso et al., 1993; Girard et
FIG. 6. Phosphorylation of Cdc25 phosphatases. (A) In vitro
dc25 kinase assay. Protein extracts from normal testes were
ncubated with anti-Cdc2 antibodies (lanes 1 and 3), anti-cyclin A1
ntibodies (lanes 2 and 4), or preimmune control serum (lane 5).
he immune complexes were assayed for kinase activity toward
ecombinant Cdc25A and Cdc25C proteins. (B) Immunoblot anal-
sis of Cdc25A (top) or Cdc25C (bottom) in Ccna12/2 cells not
treated (lane 1) or treated with okadaic acid alone (lane 2) or treated
with okadaic acid and VO4 (lane 3). Both Cdc25A and Cdc25C
xhibited a shift of apparent molecular mass following OA treat-
ent, most likely due to hyperphosphorylation. The identity of the
rotein migrating at 74 kDa, which cross-reacted with Cdc25A
ntibody but showed little variation in all samples, is not known.
he relatively strong Cdc25C protein signal obtained from immu-
oblot of Ccna1 mutant spermatocytes shown here, as opposed to
he reported minimal level of Cdc25C mRNA in these cells
etected by Northern blot analysis (Liu et al., 1998), may be
ttributed to the difference in the sensitivity of these two methods.
s of reproduction in any form reserved.
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396 Liu, Liao, and Wolgemuthal., 1991; Zindy et al., 1992) and at a second control point
during G2- to M-phase transition (Pagano et al., 1992). In
meiotic male germ cells, murine cyclin A2 has been local-
ized to preleptotene spermatocytes in which premeiotic S
phase occurs (Ravnik and Wolgemuth, 1999). In contrast,
cyclin A1 expression was restricted to late-meiotic
prophase (Sweeney et al., 1996), and DNA replication
proceeded normally in cyclin A1-deficient spermatocytes
(D.L. and D.J.W., unpublished observations). The dramatic
phenotype of A1-deficient male mice is consistent with an
essential role for this cyclin specifically at the meiotic
G2–M transition. At this stage, cyclin A1 and the B-type
cyclins are concurrently expressed, raising the possibility
that they may fulfill a distinct function by targeting Cdks to
different cellular substrates. It has been suggested that a
fraction of an A-type cyclin present in the cytoplasm may
regulate the microtubule nucleating activity of centro-
somes (Buendia et al., 1992), although the more prominent
nuclear localization for an A-type cyclin at G2–M would
favor a role in nuclear events such as initial chromosome
condensation (Maldonado-Codina and Glover, 1992). The
cyclin B/Cdc2 complexes that comprise MPF are predomi-
nantly localized in cytoplasm until the end of prophase
(Pines and Hunter, 1991). It has been proposed that they
could modulate microtubule dynamics, spindle formation,
and other cytoskeletal changes and, eventually, nuclear
envelope breakdown and segregation of chromosomes
(Ookata et al., 1995; Stiffler et al., 1999). The two types of
cyclins thus may work synergistically to promote the onset
of M phase, as demonstrated by genetic studies in Drosoph-
ila (Knoblich and Lehner, 1993; Lehner and O’Farrell, 1990).
Collaboration between the cyclins is necessary for proper
coordination of subcellular events at the G2–M transition.
An integration of their functions through a kinase cascade
whereby an ordered activation of A- and B-type kinase
complexes is achieved might explain the differential kinet-
ics of their activation and the highly orchestrated M-phase
entry in both mitosis and meiosis.
Requirement of Cyclin A1 for the Activation of
MPF Kinase Complexes
Although a definitive demonstration of the functions of
the two mammalian B-type cyclins during mammalian
meiosis will require further investigation, the universal role
of MPF in a wide range of organisms as a cell cycle engine
necessary and sufficient for the G2–M transition strongly
suggests that MPF is also critical for the meiotic G2–M
transition in spermatocytes. We found that similar to that
of Cdc2 protein (Liu et al., 1998), the expression of cyclin B1
and B2 persisted in cyclin A1-deficient spermatocytes,
which were arrested just prior to the entry into M phase.
However, the kinase complexes formed by B-type cyclins
and Cdc2 remain in an inactivated, prokinase state. This
suggests that at least one of the functions of cyclin A1 is to
activate Cdc2/cyclin B at the G2–M transition, either
directly or indirectly.
Copyright © 2000 by Academic Press. All rightIn fact, several studies of early Xenopus embryonic cell
ycles have implicated the function of an A-type cyclin
now known to be cyclin A1) in the initiation of the MPF
elf-amplification loop. First, cyclin A1 is synthesized be-
ore cyclin B and forms an active kinase complex that
ccumulates gradually as cyclin A1 is synthesized (Min-
hull et al., 1990). Second, due to inefficient tyrosine
hosphorylation, binding of cyclin A1 to Cdc2 does not
nhance the tyrosine phosphorylation of Cdc2 as binding of
yclin B does. That is, Cdc2 bound to cyclin A1 is imme-
iately active, independent of the activity of Cdc25 (Clarke
t al., 1992). Such a property would make Cdc2/cyclin A1
n ideal candidate for the starter kinase. Third, addition of
yclin A1 into Xenopus cell-free extracts potentiates MPF
ctivation by inducing or accelerating conversion of the
dc2/cyclin B complex from an inactive into an active
inase (Devault et al., 1992). Finally, Cdk2 kinase is re-
uired for entry into mitosis as a positive regulator of
dc2/cyclin B kinase, since blocking Cdk2 activity by
ither p21 or immunodepletion prevents the activation of
PF and progression into mitosis (Guadagno and Newport,
996). In fact, we have shown in the present study that a
ajority of cyclin A1 associates with the Cdk2 kinase, or an
ntigenically indistinguishable form of Cdk2 with apparent
olecular weight of 39 kDa (Sweeney et al., 1996), instead
f Cdc2. Similarly, in mammalian somatic cells enriched
or the G2 phase, Cdc2 accounts for only about 30% of the
yclin A2-associated kinase activity (Pagano et al., 1992). It
s still not clear whether the two forms of cyclin A1
omplex, that is, Cdc2/cyclin A1 and Cdk2/cyclin A1, carry
ut distinct functions by targeting specific cellular sub-
trates and, in particular, which one (or both) is responsible
or the activation of Cdc2/cyclin B activity.
Cdc25 Phosphatases as Mediators of Cyclin A1-
Dependent MPF Activation and Meiotic M-Phase
Entry
Treatment of cyclin A1-deficient germ cells with okadaic
acid overcame the meiotic arrest to a certain extent, induc-
ing normal chromatin condensation and the appearance of
metaphase chromosomes. This indicated that a signal
transduction cascade stimulated by okadaic acid can bring
about biochemical changes which substitute or bypass
some or most aspects of function of cyclin A1 at the
M-phase entry. Handel and colleagues (Wiltshire et al.,
1995) showed that okadaic acid treatment of cultured
spermatocytes resulted in a rapid and premature progres-
sion into metaphase I, which was accompanied by other
cellular events characteristic of the G2–M transition, such
as chromosome condensation, disassembly of the synap-
tonemal complexes, and breakdown of nuclear envelope. In
a recent report these investigators further demonstrated
that competence to respond to okadaic acid and condense
meiotic chromosomes does not occur in early prophase
spermatocytes, including cells at leptotene and zygotene
stage, but is acquired at midpachytene concurrent with the
s of reproduction in any form reserved.
w
C
i
H
e
y
s
s
s
a
s
a
m
I
t
w
t
v
n
w
a
a
w
a
s
(
C
s
r
t
l
o
t
A
k
f
t
n
a
D
w
a
d
a
p
397Cyclin A1 and MPF Activation at Meiotic G2–M Transitionappearance of Cdc25C proteins (Cobb et al., 1999). The
ability of okadaic acid to promote MPF activation and
oocyte maturation has been attributed to a specific inhibi-
tion of type 2A protein phosphatases and, subsequently, a
block in dephosphorylation of Cdc25C. Furthermore, the
dephosphorylation of Cdc25C, which negatively regulates
its activity, is also inhibited when a cyclin A-dependent
kinase is active (Clarke et al., 1993). These observations are
consistent with the idea that okadaic acid induces the
progression of cultured spermatocytes into metaphase I in
the absence of cyclin A1 through the activation of Cdc25
phosphatases. In agreement with this notion, we found that
both Cdc25A and Cdc25C were converted to hyperphospho-
rylated forms after treatment with okadaic acid, and block-
ing the activity of tyrosine phosphatases by vanadate inhib-
ited the okadaic acid-induced formation of metaphase I
chromosomes. Alternatively, cyclin A1-associated kinase
could also phosphorylate and inactivate Wee1-like tyrosine
kinases that negatively regulate Cdc2 (Devault et al., 1992),
themselves antagonized by an okadaic acid-sensitive pro-
tein phosphatase. The existence of such a pathway might
explain the incomplete inhibition of okadaic acid-induced
effects by vanadate.
The colocalization of Cdc25A and Cdc25C with cyclin
A1 in male meiotic germ cells, their possible direct inter-
action, and the phosphorylation of the two Cdc25 proteins
by cyclin A1-associated kinases in vitro support a model in
hich cyclin A1 kinases phosphorylate and activate
dc25s, thereby triggering the positive feedback loop lead-
ng to MPF activation and G2–M transition. However,
offmann and colleagues have shown that in Xenopus egg
xtracts, Cdc2/cyclin B, but not Cdc2/cyclin A1, phosphor-
lates and activates Cdc25C (Hoffmann et al., 1993), de-
pite the fact that the two kinase complexes have overall
imilar substrate specificity and they phosphorylate at the
ame consensus site (Minshull et al., 1990). This discrep-
ncy may simply be attributed to differences in the sub-
trate specificity of mouse and Xenopus cyclin A1-
ssociated kinases. In particular, Cdk2 in association with
ouse but not Xenopus cyclin A1 (Clarke et al., 1992)
might contribute to most of the kinase activity toward
Cdc25.
In addition to MPF, there are other pathways that cannot
be excluded as the effector of okadaic acid-induced cell
cycle progression. These include other Cdk complexes,
such as those containing Cdk2. Other possibilities are
PKC-dependent pathways, which induce nuclear lamina
depolymerization (Goss et al., 1994), Polo-like kinases
implicated in the centrosome and spindle organization
(Lane and Nigg, 1996), and NimA/Nek kinases that are
potentially involved in chromosome organization and con-
densation in mitotic and meiotic cells (Lu and Hunter,
1995; Rhee and Wolgemuth, 1997). The notion that an
alternative, non-MPF pathway is involved in the trigger of
G2–M transition was supported by the intriguing behavior
of mouse FT210 cells, which lack Cdc2 activity as a result
of a temperature-sensitive mutation in the Cdc2 gene. t
Copyright © 2000 by Academic Press. All rightncubation of these cells with okadaic acid at restrictive
emperature induces normal chromosome condensation, as
ell as lamina depolymerization and centrosome separa-
ion (Guo et al., 1995). However, this effect is also pre-
ented by tyrosine phosphatase inhibitors and is accompa-
ied by activation of Cdc25C, suggesting that Cdc25s
orking in concert with kinases distinct from Cdc2, such
s Cdk2, may also participate in eliciting the cellular events
t the entry into mitosis (Gowdy et al., 1998). It is not clear
hether cyclin A1 could function to activate both Cdc2-
nd MPF-independent pathways in the meiotic G2–M tran-
ition.
Involvement of Cyclin A1 in Coupling the Exit of
Meiotic Prophase to M-Phase Entry
The completion of critical prophase events in spermato-
cytes, such as meiotic recombination, must precede the
M-phase initiation. By analogy, Cdc2/cyclin B activation in
somatic cells requires the release from checkpoint restric-
tions imposed by the status of DNA replication. It has been
shown that in Xenopus mitotic extracts supplemented with
nuclei, ablation of cyclin A1 releases Cdc2/cyclin B from
suppression by unreplicated DNA (Walker and Maller,
1991). However, our results suggest that MPF activation
depends on the function of cyclin A1 and spermatocytes
undergo complete cell cycle arrest in the absence of cyclin
A1. In addition, we have shown that cyclin A1-deficient
testicular cells treated with okadaic acid are capable of
forming bivalent metaphase I chromosomes, and unlike
spermatocytes bearing targeted mutations in genes in-
volved in DNA repair and check-point response, such as
Atm (Xu et al., 1996), Mlh1 (Baker et al., 1996), Msh5
Edelmann et al., 1999), and Msh6 (Edelmann et al., 1997),
cna1 mutant pachytene cells form apparently normal
ynaptonemal complexes. Therefore, the completion of
ecombination and resolution of the crossovers, as well as
he associated check-point control mechanisms, are mostly
ikely independent of cyclin A1.
Nevertheless, cyclin A1 may act as an immediate effector
f the signaling process linking the end of meiotic prophase
o M-phase initiation. Consistent with such a role for cyclin
1 is its predominant nuclear localization. Cyclin A1
inases may relay M-phase initiation signals originated
rom the nuclear surveillance systems to rate-limiting fac-
ors dynamically transiting from the cytoplasm to the
ucleus, such as cyclin B1 (Toyoshima et al., 1998; Yang et
l., 1998) and Cdc25C (Dalal et al., 1999; Kumagai and
unphy, 1999). To better position the role of cyclin A1
ithin the full context of the cell cycle regulatory network
t the meiotic G2–M junction, it will be necessary to
etermine how the activities of cyclin A1 kinase complexes
re regulated, at both mRNA transcriptional level and
osttranslational level, and to further identify their func-
ional targets in vivo.
s of reproduction in any form reserved.
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